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Abstract During its life cycle, the malaria parasite
Plasmodium falciparum is found intracellular to human
erythrocytes, where its survival and ability to multiply
critically depends on the control of the environment redox
state. Thioredoxin is a small protein containing 104 amino
acids that is part of the parasite specific redox system. During
the catalytic cycle it alternates between a reduced and oxi-
dised form. Here we report the complete resonance assign-
ment of Plasmodium falciparum thioredoxin in its oxidized
form by heteronuclear multidimensional spectroscopy. The
obtained chemical shifts differ significantly from those
reported earlier for this protein in its reduced state.
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Biological context
Worldwide, more than 500 million people develop malaria
yearly and about 3 million will die from the disease.
The majority of infections leading to death are caused by
resistant strains of Plasmodium falciparum irresponsive
to treatment with chloroquine and sulphadoxine/pyr-
imethamine. The malaria parasite Plasmodium falciparum
spends part of its developmental life cycle in human eryth-
rocytes, where it is challenged with enhanced oxidative
stress mainly caused by the production of superoxide radi-
cals and hemin, as result of hemoglobine proteolysis and
degradation. Therefore it is paramount to conserve the
required reducing environment (Rahlfs et al. 2003; Mu¨ller
2004). The Plasmodium falciparum thioredoxin (PfTrx) is
part of an effective regulatory redox system. Because the
parasite lacks catalase and glutathione peroxidase, the sys-
tems around thioredoxin and glutathione are of particular
importance (Nickel et al. 2006) making antioxidative pro-
teins such as PfTrx, promising targets for drug development
(Kanzok et al. 2000; Krnajski et al. 2001; Becker et al.
2004). The Plasmodium falciparum thioredoxin is a redox-
active protein containing two vicinal active site cysteines
(Cys30 and Cys33) that cycle between the dithiol and
disulfide forms as it reduces target proteins. Coupled to the
redox cycle, substantial conformational changes are expec-
ted to modulate the interaction with other proteins such as
thioredoxin reductase. The reduced form has been already
characterised (Munte et al. 2005). Here we report the
essential complete 1H, 13C and 15N resonance assignment of
Plasmodium falciparum thioredoxin in its oxidised form.
Methods and experiments
Escherichia coli BL21(DE3) competent cells were trans-
formed with the expression vector pQE-30 containing the
gene for Plasmodium falciparum thioredoxin, and grown in
M9 minimal medium at 37C. For isotopic 13C/15N-labeled
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samples, 15NH4Cl and
13C glucose were used from the
beginning of cell culture. Protein expression was induced at
an OD600nm of 0.6 with 0.5 mM IPTG. Culture cells were
incubated for additional 4 h and then harvested by centri-
fugation. The pellet was resuspended in 5 ml/gpellet buffer
A (50 mM sodium phosphate and 300 mM NaCl, pH 8.0)
and disrupted by combination of lysozyme and sonication.
Clarified cell lysate was applied to Ni-NTA column and
extensively washed with buffer A containing 50 mM
imidazole. The 13.0 kDa protein PfTrx was eluted with
buffer A containing 100 mM imidazole and analysed by
tricine-SDS-PAGE. After concentration to 1.0 mM by
ultrafiltration using Centriprep 10 K (Amicom), the sam-
ples were dialyzed against buffer B (10 mM potassium
phosphate and 1 mM NaN3, pH 7.0, in H2O) or buffer C
(10 mM potassium phosphate and 1 mM NaN3, pH 7.0, in
D2O 99.5%). DSS was added to a final concentration of
0.1 mM, as well as 8% D2O to the sample in buffer B.
NMR data were recorded at 293 K on Bruker DRX-600
and DRX-800 spectrometers, both equipped with a cryo-
probe. 1H, 13C and 15N sequential resonance assignments
were obtained using the following experiments: HNCA,
HNCO, HCCH-TOCSY (sample in D2O),
1H-13C-HSQC,
1H-15N-HSQC, and 1H-1H-NOESY (unlabeled sample).
Proton chemical shifts were referenced to the 1H resonance
frequency of the methyl groups in DSS; 13C and 15N res-
onances were indirect calibrated according to the IUPAC
recommendations (Markley et al. 1998). Data were pro-
cessed in TOPSPIN 1.6 (Bruker, Karlsruhe) and evaluated
in AUREMOL (www.auremol.de; Gronwald and Kalbitzer
2004).
Extent of assignments, specific chemical shift
mapping and data deposition
Although the reduced form of the protein is already known,
the disulfide formation in the active centre induces gener-
alised chemical shift changes in the whole protein, making
necessary a complete new resonance assignment by mul-
tidimensional heteronuclear methods. The chemical shifts
for 99% of the backbone 1HN 13Ca 15NH (without
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Fig. 1 1H, 15N-HSQC spectrum
of oxidised thioredoxin from
Plasmodium falciparum. The
sample contained 1 mM
thioredoxin in 10 mM
potassium phosphate buffer, pH
7.0. Measurements were
performed at 293 K at proton
frequency of 800 MHz
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considering the proline residues), for 96% of the 13C0, 99%
of the 1Ha, and 90% of all side-chain atoms (except non-
protonated 13C of the aromatic rings) of oxidised Plasmo-
dium falciparum thioredoxin could be assigned. The high
quality NMR data is seen in the assigned 1H-15N-HSQC
spectrum (Fig. 1). Almost all amide signals were observed
in the oxidised protein, including Cys30, absent in the
reduced state. This probably reflects a local stabilisation
through disulfide bond formation. As in the reduced form,
Gly31 amide signal could not be assigned. Peak splitting
could be observed for some of the signals (Lys3, Ile4,
Phe52, Ile53, and at low temperature also for Gly0, Ser1
and Val2). As the splitting is also present in the reduced
state it should be in consequence of conformational het-
erogeneity in the His-tagged N-terminal. Preliminary
structure calculation showed a close proximity between
residues Phe52 and Ile53 and the His-tagged N-terminal,
corroborating this view.
A detailed comparison of the chemical shifts between
both, the reduced (Munte et al. 2005) and oxidised form of
the molecule shows substantial resonance shifts after for-
mation of the disulfide bond. To better represent the dis-
tribution of non-affected residues by oxidation, we have
applied a chemical shift mapping using amino acid specific
calculation of the combined chemical shift perturbation
Ddcomb (Schumann et al. 2007) implemented in the pro-
gram package AUREMOL (www.auremol.de; Gronwald
and Kalbitzer 2004). As shown in Fig. 2, values above the
cut-off of r0 can be found around the active site Cys30-
Gly31-Pro32-Cys33 residues, but also encompass other
protein regions, particularly around Pro73. The observed
structural changes are probably necessary for the correct
protein-protein interaction and recognition of the oxidised
PfTrx.
Chemical shift assignment of the oxidised thioredoxin
from Plasmodium falciparum has been deposited in the
BioMagResBank under accession number 16147.
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Fig. 2 Chemical shift changes induced by disulfide formation. The
combined chemical shift changes Ddcomb (Schumann et al. 2007)
induced by disulfide formation are plotted as a function of the protein
sequence. All atoms were used for the calculation. Values above the
reduced standard deviation to zero r0
red are considered to show
significant conformational changes
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